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Wave Techniques for Noise Modeling and
Measurement

Scott W. Wedge. Member. lf.FE. and David B. Rutledge. Senr Member, Il-."

Abstract-The noise w~ave approach is applied to analysis, C C
modeling, and measurement applications. Methods are pre-
sented for the calculation of component and netwsork noise wave-J L
correlation matrices. Embedding calculations, relations to two- 0
port figures-of-merit, and transformations to traditional rep- a __-.. a,
resentations are discussed. Simple expressions are derived for
MtESlET and HENMT noise avae parameters based on a linear bi - b,
equivalent circuit. A noise wave measurement technique is pre-
sented and experimentally compared with the conventional 0
method. Fig I The scheritatic representation io I a two-p ln circuit element using 0

scattering parameters and noise ýAsae

C IRCUIT theor\ pro\ ides numerous altemati.es for the
characterization of noise in linear networks. Hart- Where the overbar indicates time averaging with an im-

mann II1 alone presented twelve representations for the plicit assumption of ergodicity and jointly wide-sense sta-
simple two-port. Noise is typically characterized using tionarv processes. The diagonal terms of C, give the noise 0
combinations of equivalent voltage and current sourcL,. power deliverable to the terminations in a I-Hz band-
For high frequcnc. circuit applications, however, a wave width. The off-diagonal terms are correlation products.
interpretation of noise has advantages. Noise waves have The noise Wave correlation matrix C, is Hermitian and its
receied a moderate amount of interest since their intro- components are referred to as noise wave parameters.
duction hK Penfield 121. Bosma 131 used noise waves to The strength of the noise wave representation lies in a
sol'0e the Hau, and Adler 141 optimum noise performance compatibility with distributed circuit variables that per-
nrohl~im He,-ken 15, uzcd thcm to impijfv n,'ise per- mits noise analysis problems to be formalized and solved
formance calculations through signal-flow graph theory. using scattering parameters. Simple relations can often be
Kanaglekar et al. 161 and Dobrowolski 171. 181 have pre- found between a circuit element's scattering and noise
sented CAD algorithms strictly in terms of noise waves wave parameters. The availability of accurate scattering
and scattering parameters. parameter measurements then contributes to the accuracy

In the noise Wave representation, a circuit element's of the noise analysis. Noise wave parameters are numer-
noise is, described using waves that emanate from its ports- ically stable. The reflections and resonances common in
A linear two-port represented by noise waves and scatter- microwave circuits may cause voltage and current quan-
ing parameters is shown schematically in Fig. I. Noise tities to vary dramatically, while the limited range of noise
waves c, and (_, contribute to the scattered waves such that wave quantitics makes them ideal for CAD applications.
the wave variables and scattering parameters satisfy The wave interpretation of noise has also lead to alterna-

(b, S.,• 111) +, (CI )Itive noise parameter measurcment methods 191. [10]. S
= + . (I) In this paper new applications of the noise wave rep-

, hV_-•2 (¥2 a,/ resentation in analysis. modeling, and measurement are

The nare time-varying complex random vari- presented. Section 11 presents noise wave analysis tech-ables characterized by a correlation matrix Cr given by niques. Noise calculations for interconnected multiport
networks and two-port figures-of-merit are discussed. In

=Ic 2 l c' \* •Section III. equivalent circuits are used to derive simple
C , (2) expressions for the noise wave parameters of the MES-

"FET and HEMT. The modeling approach taken is com-

Manuscript received D)ecember 9. 1991. revised March 31. 1992. pared with experiment. Section IV describes a new method
S W, Wedge was with the t)iision of Engineering and Applied Science. for making direct measurement of noise wave parameters.

(alitornia institute of Technolog'. He is now with EEsot. Westlake Vil- The method is simpler than conventional methods that use
lage. CA 91 162-4020 source-pull tuners to extract Tin, F,,p, and R,. The noise

D B Rutledge is with the Division of Engineering and Applied Science,

California tnstitute of Technology. Pasadena. CA 91125. wave and conventional measurement techniques are com-
IEEE Log Numher 9292892 pared experimentally.

101,4-9480,92503 ill) 1992 IthEE

000i S000 -



WF[i'[ F AND RLIt FIXil, ',kA\,F A ' UHN )t+ F'O- R NoI- t" NM(l)Jlt1St ( NI) MA -AsW RIMFtSI NiUS

H1. Noisu• W ArF NF-TWORK ANAIN'SIS , •,... ... .... .. ,.

Analyzing a network for its noise proper-ties in~ olvesJ
its division into the smallest number of uncorrelated corn-
ponents. The signal and noise correlation matrices tkr the
components are used to solve for those of the overall net-
work. In general, the network and its components are .';.

multiport elements. In the noise wave representation each ..
multiport element has scattering matrix S, incident and
output wave vectors (a and b, respectively), and noise . I i .
wave vector c satisfying

b = Sa + c. (3) . ... .. 1,,* , I ... ,i.s

The multiport noise wave correlation matrix C, of each
element is given by Fig 2 A summars of the signal and noise representations and transtor-

Mliatiorns Isir admittance,. iledance. and %ase parainieters I[he admittlance
C, = cc¢ (4) matrix V' and impedance matrix Z are assumed ti he nssrmahled. and I is

where the dagger indicates the Hermitian conjugate. and he identitmt

the overbar the time averaged correlation product. At a 0

given frequency the signal and noise properties of a linear T, C,
n-port device are completely characterized by n x n scat-
tering and noise wave correlation matrices. In Fig. 2. this
approach is compared to the more traditional multiport 0

admittance and impedance representations. Included in the S T,. T,
comparison are circuit diagrams and matrix relations for C., T, T,, •
voltage, current, and wave quantities. The use of multiple 0
noise representations can sometimes lead to more efficient
analyses I I I transformations can be used to avoid a non-
existent representation, to simplify calculations, or to
avoid singularities. The family of transformations be-
tween wave, impedance. and admittance representations Fig 3 A muiltiprl netiwork S with noise "axe correlation matrix C,
is included in Fig. 2. Admittance and impedance matrices embedded %ithin network T with cosrrelation matrix C, The result of the
are assumed normalized. embedding is scattering and csorrelatiin matrices S,_. and C,,.. Netwiork T

is partitioned in the manner shoswn. where suhscript e denotes reference io

an external wase. and i denotes reference to an internal wa.e Internal

A. Embedded Multiport Networks waes are detined as thisse shared at the connections between S and T

Any linear noise analysis problem can be solved through 0
one or more applications of the embedded network prob- by 13J
lem illustrated in Fig. 3. A noisy multiport subnetwoiý.
with scattering matrix S is shown embedded in a noisy Cn,, - ACA IlI ASICI liI ASI (7)

subnetwork with scattering matrix T. The two subnet- where the pipe symbol (I) designates matrix augmenta-
works have known noise wave correlation matrices C, and tion. I is the identity matrix, and A is the matrix given by
C,. respectively. The scattering and noise wave correla-
tion matrices, Sei, and Cnei, for the aggregate network are A = Tii - STii) . (8)

found by partitioning the embedding network's scattering The network's scattering matrix is given by the well
matrix T into submatrices that satisfy known expression 1121

(be) (Tee T,.\)(:a) + (c,) 5 Snt = Tee + ASTi9. 9)

bi Tie Tii aI / C It is significant to note that matrix product AS is commor. 0
where subscript i designates waves shared at the internal to both the Sr, and C., expressions. During analysis, the

connections between networks S and T. and subscript e majority of computation time is spent on the mztrix in-

designates the external waves at the Snt terminals. The version required for A, and for the calculation of this

noise wave correlation matrix of network T is similarly product. The penalty in combining a noise analysis with

partitioned such that a deterministic analysis is therefore minimal. Since any
__ network may be interpreted as a combination of embed- 0

,(CC, CCi dings, connection formulas (7) and (9) may be used as the
C, =. (6) basis for computer-aided analysis. Indeed, this approach

, =is the wave equivalent of the admittance matrix CAD ap-

The resulti.q; -,ae wave correlation matrix is then given proach presented by Rizzoli and Lipparini [131.

• • •• • •• •0
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8. Two-Port ,4nvj/,vsP the noise temperature ofit a passi% e two-port in termls of its

Noise performance tigures-of- merit are calculated from scattering matrix:

the signal and noise correlation matrices that result front U SS i6)
a two-port network analysis As wkith scattering parame- T
ters. noise waves are defined %. ith reý,pect to a normaliting
impedance. This leads to simple expressions for amplifier Expressions comparable to ( 15) and ( 16) can be derixed •
noise performance when a zero source reflection coeffi- lor actie devices. Signal and noise modeling oflthc MES-
cient Wi', = 0) is assumed. In terns of the scattering and FET and HEMT are based on small-signal equivalent cir-

noise wave parameters presented in iI) and (2). noise cults and additional frequency -independent quantities
temperature T,, is gi\en b\ proportional to noise correlation matrix values 1151 -1201.

-Pospieszalski j21] has shown that the trequencv -inde-
1 :1() pendent quantities are tantamount to resistors in the

equivalent circuit possessing eflfctive temperatures. In the

where k is Boltzmann's constant. Noise measure M is simplified intrinsic equivalent circuit of Fig. 4. the gate-

written source resistance R•, and drain-source resistance R,, are
assigned equivalent temperatures 1, and T. respectively

kl;AJ - -1-0- A/-- III With the source grounded, noise wave 11 emanates from
i'lI + i_' the gate and c, from the drain. The value of c1 i is due !

.%here F0 is standard temperature (290 K). A l-Hz band- only to the temperature of input resistance R.,, and is ,i\en

A idth is assumed in both expressions. Noise performance by

contours are generated bN examining the variation of T, c kT.(I - , 417)
and MI with respect to non-iero F, alues. In terms of theandM \. th esp. ct t) onier r aic.-it teino r he Noise produced by, R., induces a voltage across C•, that
two-port scattering and noise wave correlation matrices. Nth is transferred to the drain ,,ia transconduc'ance g_. The 0th e n o ise te m p e ra tu re fu n c tio n is r s l s t e n i e c r e a i n t rresult is the noise correlation term

I -- 1-,C (18)
where (A is the I \ 2 row matrix The output noise wave c. results from correlated noise

,I -_ from the gate. and noise generated by output resistanceS. ... \ !(13! Rd, at equivalent temperature Td. It is given by

and C, is the matrix given in (2). Noise measure may be N. - l -, A 1 , 19)
w, rittcn I , - !

- T1 C, 14 Expressions for the scattering and noise wave parameters •
t(- .SS)• (14) n terms of the equivalent circuit values off:i. 4aregien

in the Appendix.
where S is the scattering matrix of the two-port. As be- Accurate device signal and noisc modeling generally
fore, the expressions for T, and M assume a I-Hz band- requires a more detailed equivalent circuit than that of Fig.
width. The standard noise parameters F')pt, T,,,m and R,, 4: stray capacitance. lead resistance and inductance must
may also be written in terms of the components Of C,. be added. The effects of additional elements on the scat-
Equations for the conversion between these parameter sets tering and correlation matrices are computed by applying
are given in the Appendix. embedding calculations (5)-(9). the equivalent circuit of

Fig. 4 is considered embedded in a subcircuit consisting
Ill. COMPON•-N• MODELING of the additional elements. The embedding circuit is typ-

Prior to noise wave analysis. each component of a net- ically passive with correlation matrix found from (15). A

work must be represented by a scattering and noise wave required intermediate step is a two-port to three-port con-

correlation matrix. The extraction of scattering parame- version of C,. This is achieved by recognizing that the

ters is well understood, and noise wave correlation ma- elements of an indefinite N-port noise wave correlation
trices may often be expressed in terms of these values. matrix satisfy
For the passive multiport with thermal noise, the noise %
wave correlation matrix is derived directly from the scat- X cýc* = ,* c~c* = 0 (20)
tering matrix [141 - A-

kT(I - SS) (I5) as do the elements of an indefinite noise current correla-
tion matrix.

where k is Boltzmann's constant and T is the physical This noise analysis procedure has been applied to the
temperature. Combining this expression with (12) reveals Fujitsu FSX02X MESFET and FHR02X HEMT using the

* 0 • 0 •• ., . *. •
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Source

Fig 4. Intrinsiv equi,,alent ciricuit for MESFET and HEMT transistors.Gate temperature T' is the equivalent temperature of R, Drain temperature

T• is the equivalent temperature of Rd,. The noise voltage generated by, R•,
appears at t' resulting in correlation between input and output.

L.8  Rg CgRd LRads D Sta .

Source

Fig 5 A more accurate equivalent circuit for the chip form MESFET and
HEMT Duurng noise analysts, the parasitic resistances R,. R,. and R, are
assumed to be at standard temperature f R

TABLE 1
COMPONENT VLL+ES FOR ELEMENTS IN THE

EQLIi,'sLENT CIRCUIT O FIG. S USED TiO MODEL THE

FLnTSL FSXO2X MESFET aND FHRO2X HEMT

Parameter FSXO2X FHR02X•

,,e ( cgS) 42.5 55 start Stop

r(psec) 2.0 0 85 2 fr U 18
Q• IpF) 0.33 0.2 (b)
C•, pF) 0.033 0.025C,,, pF) 0. 115 0.049 Fig. 6. Smith chart comparison of theory (a) and measurement )b) if op-
RF , ((1) 3.5 2.5 timum reflection coefficient ,P, for the Fujitsu FSXO2X MESFET. The
R,,, () e 270.0 188.7 theoretical plot was made with cic= 1375 K. Plots are from 2-18 GHzRH ) 0.3 1.3 running counterclockwise over frequency, with points shown in 2 GHz in- R

R, (0)1 1.8 1.3 crements.
R,,0)fl 3.0 1.3

L,(nil) 0.02 0.8
L, )nil1 0.05 0.08 equations found in the Appendix) for a comparison with
Ta e 290 290 measured data provided by the manufacturer. Given in
TA (K) 1375 1100 Fig. 6 are Smith chart plots of theory and measurementT

forT~ FSX02X forFE AND Fujitsu FS0XMEFTfrm218G

The transconductance g has an associated transitf

9- (MS) 42,5 55p t rtSo

time r such that g 0. = g,,,e ''. Gate temperature T,6 The theoretical plot assumes a standard gate temperature
s the equivalent temperature of R,,. Drain tempera. Ti r 290 K, suggesting that this noise is thermal in na-

ture T'. is the equivalent temperature of Ra,, Values ture. A large drain temperature value (Td = 1375 K) isfor both devices are for/oi, = 10 mA. The FSXO2Xvalues correspond to a bias voltage 1, .= 3 vr while needed to represent all noise processes in the drain-source
V, 2 V for the FHRO2X. region. Theory and measurement for the noise figure mw -

imum Fro,2 and noise resistance Rm are given in Fig. 7.
equivalent circuit of Fig. 5. Parameter values for the Noise figure minimum and lot, predictions are quite good.
equivalent circuit are listed in Table t. The results have Noise resistance is slightly underestimated. Better Ri and
been converted to standard noise parameters (using the FNmi matching is possible by adding a pole to the fre-

0

0 0 0 0 0 0 0 0 ,,`0



2008 IFI'- IRANSACTIONS, ON MIC(ROWAVF TI`FOR't AND IECHNIQUES. VOL 40, No II, NOVMHMB-IR 1992

2.0 0

0
S1.5 -

5U 1,
1~ . 0_. - -1

Theorva.5 6us0sm Measu-rement

00 ....0_
0 5 10 15 20

Frequency (GHz) Stau-t Stop 0
(a) 2 t Gft 26

(a)

20 I

. -j

-

.

Theory * I
5 RO NUUU Measurement -

-4

0

0 5 10 15 20 0
Frequency (GHz) Stop

(b) 2 26

Fig. 7. Comparison of theory and measurement of noise figure minimum (bN
F_, .(a) and noise resistance R, (b) for the Fujitsu FSXO2X MESFET The Fig. 8. Smith chart comparison of theory (a) and measurement (N ) of op-
theoretical plot was made with T, = 1375 K timum reflection coefficient 1,, , for the Fujitsu FHR02X HEMT. The the-

oretical plot was made with T, = 1100 K. Plots are from 2-26 GHz, run-
ning counterclockwise over frequency, with points shown in 2 GHz 0
increments.

quency behavior of gm. Low frequency Fmn predictions
can be expected to deviate with measurements as Ir,,poh
approaches unity. Shown in Fig. 8 are Smith chart plots pendence on the accuracy of the equivalent circuit and the
of modeled and measured ",,,t for the Fujitsu FHR02X lack of low frequency noise. Yet, it is possible to express
HEMT from 2-26 GHz. Standard temperature is again Td as a function of frequency and bias conditions for
used for the gate. Graphs showitig comparisons of Fmin broadband bias dependent noise modeling. The noise 0
and R, are shown in Fig. 9. As before, predictions are wave approach simplifies active and passive device mod-

good with the exception of R, which deviates from theory eling by using scattering parameters and these physical or

at lower frequencies. equivalent temperature values.

These examples demonstrate surprisingly good room
temperature MESFET and HEMT noise modeling with a IV. NOISE WAVE MEASUREMENTS 0
single parameter: drain temperature Td. All other ele- To measure the standard two-port noise parameters
ments of the equivalent circuit (derived from scattering Tmin, r Po, and R, a source-pull tuner is used to present
parameter measurements) were assumed to be at standard various r, values to the device under test (DUT). The
temperature. The limitations of this approach include de- tuner complicates the measurement process. It may pos-

• • • •• •• ;J :,
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20 -~.
None P~1~

N

a cit te 2

0.5 Theurv A dB Hybrid
a . .... M .... rement

0.0 ... dt td

0 4 8 12 16 20 24 28 C C

Frequency JGflz) N4is i fll Sourcc

(a) 
kkT

Fig I10 A2pRratus tor the measurement ol two ponr noilse wase parame

30 ... . . . 7. ters It 1'. It'i
7

'. and tlt'. Noise waes and emanate from netwiork .S
and combine with scattered waves from the noise sources to form %aes di

and d.. The noise sources hase equivalcnt temperatures 7, and T,. each
25 capable of taking on hot and cold values At the center is placed either a

'Thru'" circuit or 3 dB hybrid The "Thru" circujjLis suic_[hai ef - c,

Theory and d, and e, and permilts direct measurement of 1, KI and ,,1 Suhtitu

S...m. Measurement tion of aO', 180'" hrid allows measurement of Re i i cI!). while anM)
_20- a ,

--T' hybrid allows measurement of Im i cc*) The sw itch shown is assumed to
he non-reflectise. Noise power measurements are made at an intermediate
frequency using an HP 8970 in noise power densitý mode,

* .-

10 sources to produce noise waves d, and d, given by"-t

, . . - .d, = c+ + 1kT.sV, + kT-V12 (21)

d, = c, + [kTs,i + 11Ts,. (22)

0 .------- - Power from the noise sources is written here in terms of
0 4 8 i2 it 20 24 28 effective temperatures T, and T_, each capable of taking

Frequency (GHz) on known hot o: cold values. Waves d, and d, will have
(b) measurable quantities

Fig. 4 Comparison of theory and measurement of noise figure minimum
F,,, (at and noise resistance R, (h) for the Fuiitsu FHR02X HEMT. The -

theoretical plot was made with T,, = 10O K Id, 2 = ICin + kT, lsi,,- + kT2 s,i2L (23) 0

Id,12 = 1c1 2 + kT, s2,-1
2 + kTIs-J2  (24)

sess repeatability error, have restricted tuning and fre-
quency ranges. require frequent calibration, or cause low dd* = cI(* + kT~sllsv*' + kTs 12s*:. (2
frequency oscillations in microwave transistors [191. Di- 2 -1 +

rect measurement of the noise wave parameters (Ic,12 , The apparatus of Fig. 10 allows each of the at: - un- S

c1 c*. and 1c,12 ) is a simpler process due to their definition known right-hand-side values to be obtained through a set

with respect to a normalizing impedance. of noise power measurements. First, a "Thru" circuit is

The apparatus represented schematically in Fig. 10 has inserted at the center of the apparatus such that d, = e,

been used to measure noise wave parameters. The DUT and d2 = e,. Four noise power measurements are made

is shown with scattering matrix S and emanating noise of Idl1 and id21
2 using hot and cold values for both T,

waves ci and c2. At each port of the device, a circulator and T2 . Using (23) and (24), this measurement data is suf- 0
injects noise from a noise source into the device while ficient to solve for the six unknowns lc|12,1c212 , IsI1 2.
terminating noise power that originates in the remainder IS12 1

2 , IS2 1 12, and 5s2)2. Measurement of noise wave cor-
of the system. Noise waves cl and c2 emanate from the relation can be accomplished with 3 dB hybrid couplers
network and combine with scattered noise from the 1141. With a lossless 0o / 1800 3 dB hybrid inserted such

oh

S 0 5 5 0
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that 08 .

', - (d, + d') (26)

0.6 Tuner Method
Wave Method I)

e. = 7- (d1 - do) (27) 4
'S2

the measured noise powers are given bN " 0.4 ,-r
10.4 I-ra4

it Id l" + Id4," + 2Reil, d*) (28)_" "

h: l, 1de2 - 2Re (dd () (29)

The difference in thec Nalues Yiclds

1e ' - I,< = 2 Re (di d*) d 00 . .. . ... .
0 10 20 30 10 50 60 70

= 2 IRe (c, c*) + kAT Re (slis*) Current (maA)

4.01 . ...1. ..........

-+ UF, Re (s.s,.t)] (30)

where the values for h',c" and je.-2 have been compared . Tuner Method 0

assuming consistent values of T, and T-. The set of mea- Wave Method a.

surements taken at hot and cold values for T, and T, now
results in solutions for unknowns Re( c1 c* ), Re (s1 ,s* ). s 0

and Re o . s tI. When the 0'/180' hybrid is replaced -e
with a 90' 3 dB hybrid, the difference in noise powers r 3.0,

becomes )b '

e-,! = 2 Im (dld*)

= 211m (cc cj + kT, Im (l) I s .
+ UT. Im (sl2st*.)I (31)

and an additional set of measurements now permits solu- 2.0 -...............
tion of the imaginary components Im (cIc*), Im (s 1 s*, ,. 0 1O 20 30 40 50 60 70

and Im (s.s).st. Current (mA) 0

This system has been constructed and a series of mea- 60.0 ...... ---

surements performed at 4 GHz on a MESFET amplifier
over a range of bias currents. An HP 8970 noise figure
meter (in power density mode) was used to measure noise 50.0 • Tuner Method

power. A simple short-open-thru calibration procedure
was followed to compensate for losses and noise in the . ...
apparatus. For exoerimental comparison, measurements f 40. 0

were made at the same bias points using the conventional ,"
source-pull tuner technique. A mechanical slide-screw 74

turner was used and the additional measurements and cor- 0 30.0 .

rections recommended by Strid 1221 were performed. The
results, in terms of standard noise parameters, are com- *" 1
pared in Fig. I1. The similarities are surprising consid- 20.0

ering the dramatic differences in the measurement meth-
ods and their sour. -s of error: the tuner method has errors
due to tuner repeatability, unstable bias, and noise figure 10.0 --- ......
measurement uncertainty: wave method errors are due to 0 10 20 30 40 50 60 70

uncertainty in temperatures T, and T, and a simplified cal- Current (mA)

ibration procedure (the dircathonal couplers were assumed Fig. 1I. Comparison of the tuner and wave measurement methods in de

to have ideal phase shifts). terflnintg the optimum reflection coefficient r,, (a). the noise figure min

The wave method of noise parameter measurement has imum F_,. (b). and the noise resistance R, (c) of an amplifier based on
single Fujitsu FSCIO MESFET The measurements were performed at 4

several advantages. It uses many off-the-shelf compo- GHz with amplifier bias current varied from 10-60 mA.

• • • •• • • O



AV~it4i A ) %%D It 11 1-06- IA A% I I~ tI, I sN ~ IN Ii 51.1 - sfl s It \(N, \`ND Wt \111 to %IINI

nents, max be configUrcd for operation at IRE through toil-
nimctcr-%kasc frequencies. and requires no SOUrce-pull to-

ner InI add ititon ito th noise Asaxe pa ranittecrs. the 2k

titiucso the scatterting paramecters. and the complex skshere
scatterintl paratmeter products S 7 and '~arc dectr
mined rhe sx stcmn of equations that is, mtanipulated is ,

o% er-dctcrmtined. and lends itself it, statist~c -1 anals sis I

Noise contribution,, fronm the mteasuremetnt apparatus arc
predicted b,. emlhedding equation (7) and nia-% he re lihe ins erse relat ons has c hena sonte\s hat stimplitfied
intos d h\ a calibration proceduire Man\ other ontigu- throug,_h usc of the ldent tý

rations of the mecasurenment apparatuis of Fig 1f0 arc pos
sihic Withingtort 1101. for examtple. has presettted a 4k 1 '1
similar Nsx seni that usc, interfcromectritc ITnea'Urettfnts
Mleasuremtent -iccuracx and handss dth tita\ he ttftproi ed - ( ,
b\ using tsso LNA's and misers Fhc directional coupler Noise ss as e paramieters for (tic onttrittsi \ ISI-F I2 antd
substituttions decerihcd hcrc arc ax oidcd h\ using the six'- HI1 F~ A tth thec qui\,at~cn 11ircuit gi cii h\ 1-ig 4 Ina\. hc
port nctskork descrtbed hi, Fngen 1_231 as a sinele corre .rtntnemsosatrigpaicr reqxaet.r
fatioti nctwxork 1241. CLu paramecters The sýaItILranv niafin of the equiv alent

IV 0)\ I ( si)\ Ltrcuit of Fig 4 is Ltx en .

Fhe noise ss asc representation offers alterniatixc anial-/
\,is. tnodcline, and measurenment techniques. Noise ss ax c II

anal'. 'iN may he performed soleix tin terms of distributed 7"1,- f~ ,

c rc:Uit x ariahies 1)eri 5atton (ttif nois \.\,I% c parameters for S
titans mticro xxax c cotnponentsI, istrihtrkr pr-2 1,,4

cess,. requiring onlk scattering parameters and ph sical or fr,, it I -- A'. it- /i 4,
effective temperature,, The Axac approach !o n oise pa-
rancte r mecasu retneni o flers ads% antaee s toxecr cons e nt Ional1(
methods. It requires no source-pull tuner. uses otl-thc- Soix in forthc noise wkaxe paratieters. using 1) 1 1 9) and
shel f components, and ts, promnising for mtfllitnecer-xs axe assumjt ng constant ialues oft gate tcemperature I and dratn
applications. temperature I , gives

C----- 1421Noise xsave paramecters for active dcx, ices max, hc de- I 'C 4,)'
rived from thc standard noisc parameters. or calculated
from equixalent circuit values. In terms of' 1*,. V~l and ik1.rrZs',AS
R., the noise \Aaxe paramecters, are C-,C Zoif Cf -o *r (43

U -- A fs F 32) 4A Tr, Z,;
I f,,-7o~) I C' (r,,, ~ Zof-

(AT, r- (31) 4k T, r-Z,,

C* ' I~ kL t Al (34) These parameters are w\ell hehaved doxxn to Lse =- I. but

I +F,. low-frequencý noise effects are not included. Frequencx

\Axhere kt is the normalized temperature-energ\ given k eedn xrsin o TNn , a eue oi
- lude these effects-

kt=4k 1-,R,, 35)

R ~i-I-HF- N( Vis
and 4,, is the normalizatiofn impedance. The inverse rela-
tions are II I K Hartmann. Noise charactcrilat~iin ot tinear circuit,,. 1Ff f

- ____ - rfim. ( irt wti.S%.% . sot CAS. 3 PP, pi itt 'P0. Oct. f1976

kt ~12 1 P Penfield 'Was e representation of irnplfiier noise.' IRf, Trans
Ar =C 1  C ~(36) Cmr.-wt lifho..% A~ CT-9 pp X4 X6. Mar 1962.

II H Bosma. (n In c theors of tinear noiss ss stemns. Phitlip% Re

-___ -- __---- _ Ri'f'ii Supjul . nofO ii, 14~61
C. I- l~5. C2~t 121 ,~1 2141 H A Haus andlR B Adfer. I Iptimuni noise performnance of linear

k7
;mn --- (7 aiplticrer Prm, IRV. sot 4h. pp 1517 f151.. Aug 1958

's.~-(l±IF,,tL)151 R P Hecken. 'xnatsxrs oif linear floisý iwo-port using scattering
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